The relic abundance of particle and antiparticle dark matter (DM) need not be vastly different in thermal asymmetric dark matter (ADM) models. By considering the effect of a primordial asymmetry on the thermal Boltzmann evolution of coupled DM and anti-DM, we derive the requisite annihilation cross section. This is used in conjunction with CMB and Fermi-LAT gamma-ray data to impose a limit on the number density of anti-DM particles surviving thermal freeze-out. When the extended gamma-ray emission from the Galactic Center is reanalyzed in a thermal ADM framework, we find that annihilation into τ leptons prefer anti-DM number densities 1-4% that of DM while the b-quark channel prefers 50-100%.
I. INTRODUCTION
The dominant contribution to the matter density of the Universe is non-luminous and has so far only been conclusively detected via its gravitational interactions. The weakly-interacting massive particle (WIMP) paradigm [1] postulates that in the early Universe this dark matter (DM) was kept in equilibrium with the thermal bath via non-gravitational interactions, and that weak-scale annihilation cross sections yield a thermal relic with the correct observed abundance of DM. The WIMP paradigm thus gives hope for a non-gravitational detection of this DM in three avenues: (1) producing it at a collider,f f →XX, where X is DM and f is a Standard Model (SM) particle; (2) direct detection of the recoil imparted to a SM particle from scattering, Xf → Xf ; and (3) the indirect detection of DM annihilating to SM final states,XX →f f . This final possibility is the only one requiring the presence of both particle X and antiparticlē X (having equal densities in the WIMP picture).
However, the fact that the abundances of the dark and the baryonic matter densities are within a factor of a few of each other could be an indication of a common origin. This curious fact has stimulated a substantial body of theoretical work in which DM carries a particle/antiparticle asymmetry (see [2, 3] for reviews). A feature common to many such models is the need to ensure a sufficiently large annihilation cross section such that the symmetric component does not yield too large a mass density. However, in the presence of an asymmetry, the thermal Boltzmann evolution of DM reveals that the symmetric component of DM need not be small [4] [5] [6] * n.bell@unimelb.edu.au † horiuchi@vt.edu ‡ shoemaker@cp3-origins.net and may thus render ADM amenable to indirect detection searches [6] .
Annihilation signals of DM are unique in their sensitivity to the present density of anti-DM. Given that ADM annihilation rates are suppressed by the small anti-DM fraction, nX , this requires a concomitantly larger annihilation cross section relative to the symmetric WIMP case. This implies a fundamental degeneracy in indirect searches between the annihilation cross section, σv , and the number density of anti-DM, nX . This degeneracy can be broken however by requiring that σv be sufficient to account for the correct thermal relic abundance of X and X. Thus with the input of an annihilation signal from DM one can infer both the annihilation cross section and the DM asymmetry, with direct consequences for DM model-building and phenomenology.
Such a signal may already have been found: the extended gamma-ray emission from the Galactic Center is consistent with annihilating DM in the ∼ 10 − 40 GeV mass range [7] [8] [9] [10] [11] [12] [13] [14] . This has led to a large body of theoretical work to account for the observed signal while remaining consistent with collider and direct searches . We leave the analysis of a complete model for the Galactic Center in the light of ADM for future work.
In this paper we study the model-independent impact of indirect searches on thermal ADM. In Section II we describe the limits obtained from the gamma-ray data of the Fermi-Large Area Telescope (LAT) satellite and the cosmic microwave background (CMB), as well as the possible signal of annihilating DM from the Galactic Center. In Section III we derive the key requirements for thermal ADM and show how to map indirect constraints and signals into the parameters relevant for ADM. We conclude in Sec. IV.
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II. ANNIHILATION CONSTRAINTS DM particles pair-annihilate into SM particles with model-dependent final states and branching ratios. Since the interaction involves a pair of particles, the annihilation rate scales as the DM density squared, motivating searches in regions of high DM density. Strong limits have been placed by a variety of searches using various DM sources and messenger particles. In some cases, excess signals remain after subtracting known backgrounds, leading to DM interpretations. In this section we summarize the current status of limits and detections, and discuss implications in the next section.
The flux of particle species, i, from DM selfannihilation generally follows the form [1] ,
where m X is the DM mass, σ ann v rel is the averaged annihilation cross section multiplied by the relative velocity, dN i /dE is the spectrum of particles i resulting from each annihilation, and the integral takes the line of sight integral of the DM density squared. In the absence of a detection, observational data set upper limits on the size of φ i (E) that can come from DM annihilation and still be compatible with data, which can then be interpreted as a limit on σ ann v rel as a function of the DM mass. Complicating this process is the presence of non-DM foregrounds and backgrounds that must be modeled and subtracted. Additional uncertainties arise since dN i /dE can be affected by astrophysics, in particular for charged particles that can rapidly lose energy and/or propagate diffusively depending on the environmental parameters. Multiple sources, methods, and analyses help break some degeneracies [40] . We focus on two constraints, one arising from searches using gamma-ray data from the Fermi-LAT satellite, and the other using the indirect effects of DM annihilation on the CMB. Figure 1 summarizes constraints arising from searches in satellite dwarf galaxies of the Milky Way [41] , nearby galaxy clusters [42] , and analysis of combined WMAP, Planck, ACT, SPT, BAO, HST, and SN data [43] . Only the annihilation channel 100% bb (solid lines) or τ + τ − (dashed lines) are show for clarify. A variety of additional constraints, not shown, are within the range of limits shown in the Figure. These are from, e.g., analysis of the Milky Way halo [44] , the extragalactic diffuse gamma-ray emission [45, 46] , analysis of gamma-ray anisotropies [47] , and cross-correlations with distribution of DM structures [48] .
The dwarf limits of Ref. [41] combines Fermi-LAT observations in the directions of a total of 15 satellites galaxies of the Milky Way, and are an update of previous estimates [49] [50] [51] in both data and analysis. The closest dwarfs are treated as extended sources, kinematic data are used to estimate the DM contents of the galaxies, and a joint likelihood is performed marginalizing over other parameters. Due to the negligible astrophysical backgrounds in these galaxies, the DM limits are among the most robust. The cluster limits of Ref. [42] provide stronger limits, but additional uncertainties in the precise DM content, density profiles, and contaminations from cosmic-ray induced gamma-ray emission exist. We elect to adopt the limits from the Virgo cluster, which are among the strongest, and show the most conservative limit that does not subtract a cosmic-ray contribution. Nevertheless, the limits are susceptible to significant systematic uncertainty. For example, [42] uses a boost factor of ∼ 10 3 ; more recent estimates suggest values closer to ∼ 35 [52] , which would weaken the cluster limits by a factor of ∼ 30.
The CMB limits of Ref. [43] constraints the energy deposition at very high redshifts (1400 > z > 100) by using the temperature and polarization anisotropies of the CMB. The current (WMAP9+Planck+ACT+SPT+BAO+HST+SN) 95% CL limit on self-annihilating DM is f σv SDM /m X < 1.2 × 10 −27 cm 3 s −1 GeV −1 [43] , where f is a function that describes the fraction of energy that is absorbed by the CMB plasma. The limits are particularly powerful for light-mass DM candidates [53] [54] [55] [56] , and uncertainties of the energy deposition efficiently is now small [43, 57] ; we adopt f = 0.3 for the bb channel and 0.2 for the τ + τ channel. Towards the Galactic Center (GC) of our Milky Way, the situation is driven more complex by intense astrophysical backgrounds. Emissions from cosmic-ray interactions with target gas dominates the observed gamma rays and is complex to model. In addition, unresolved point sources such as milli-second pulsars can mimic an extended gamma-ray source like DM annihilation [58, 59] (but, see, e.g., Refs. [60, 61] ). Despite the complexity, several groups have found strong evidence for an extended emission source in Fermi-LAT data that is consistent with the spatial distribution expected in DM halo formation simulations, a spectrum that is consistent with the annihilation of ∼ 10-30 GeV DM to quarks or leptons, and a flux that is consistent with the annihilation rate of thermally produced WIMP DM [7] [8] [9] [10] [11] [12] [13] [14] . When the extended gamma-ray emission is interpreted as being due to DM annihilation, it favors m X = 39.4 GeV for annihilation in b quarks with an annihilation cross section (5.1 ± 2.4) × 10 −26 cm 3 s −1 , and a 9.4 GeV DM mass for annihilation into τ leptons with cross section (0.51 ± .24) × 10 −26 cm 3 s −1 [13] . As there is no strong evidence for a preference for one channel over the other, we consider both separately.
III. LIMITS ON ASYMMETRIC DM
In the conventional symmetric thermal relic scenario, the abundance of DM is determined by the annihilation cross section σ ann v rel at the time of thermal freezeout 1 . More generally however, if DM is not selfconjugate, DM number violation may lead to a nonzero particle/antiparticle asymmetry, η X ≡ (n X − n X )/s, where s is the entropy density, n X is the particle number density and n X is the antiparticle number density. In this case, the final abundance depends on the DM mass, annihilation cross section, and the asymmetry η X .
The Boltzmann equations for the evolution of X and X in this more general setting are
where the indices run over i, j = X, X, H is the Hubble expansion rate, and n eq is the equilibrium number density. Throughout we adopt the standard temperature parameterisation of the annihilation cross section, σ ann v rel = σ 0 (T /m X ) n , such that n = 0 and 1 for s− and p−wave annihilation respectively.
A very accurate analytic solution to the above system of equations can be found in terms of the relic fractional 3 . CMB (bold red), dwarf satellite (bold black), and Virgo cluster (thin blue) limits on the fractional asymmetry r∞ ≡ n X /nX for thermal ADM. For illustration we have fixed the annihilation channel to 100% τ + τ − . As in Fig. 1 bold lines denote robust limits, while the thin lines denote limits which are subject to larger systematic uncertainties. asymmetry [6] 
where x f ≡ m X /T f with T f the freeze-out temperature, λ = 0.264M P l m X σ 0 , with σ ann v rel = σ 0 (T /m X ) n . The quantity √ g * is a convenient combination of the entropic h ef f and energy g ef f degrees of freedom,
. The freeze-out temperature is found in the standard way as x f log (n + 1) √ g * aλ .
We can use Eq. (3) to accurately compute the relic abundances of the X particle and anti-particles, Ω X and Ω X , as
where s 0 is the present-day entropy density. When the fractional asymmetry is small r ∞ 1, we can safely neglect the abundance of X's and write η X ρ c Ω DM /(m X s 0 ), where we have introduced the critical density ρ c and the current entropy density s 0 . Combining this with Eq. (3) gives an approximate value for the requisite asymmetric thermal annihilation cross section asymmetric DM [56] 
It can be seen that Eq. (5) agrees rather well with the numerical solutions shown in Fig. 2 . We note that the results of Fig. 2 agree quite well with [63] with the proviso that these authors studied self-annihilating DM.
With these requirements for a consistent thermal relic scenario for ADM we now turn to the annihilation constraints for ADM.
A. Constraints on the Fractional Asymmetry
Let us now describe a simple method for re-expressing limits derived on symmetric annihilating DM as limits on asymmetric DM. Note that most annihilation limits are derived under the assumption that DM is selfannihilating, as appropriate for a self-conjugate field such as a Majorana fermion, whereas ADM models contain complex fields such as Dirac fermions or complex scalars.
With this difference in mind we can write the ratio of the ADM annihilation rate to the symmetric, selfannihilating case at a given DM mass as
where the ADM annihilation rate R ADM = n X n X (σv). Eq (6) was derived by rewriting the ADM annihilation rate R ADM = n X n X (σv), using r ∞ = n X /n X and 2n SDM = n X (1 + r ∞ ) where n SDM the number density of DM in the symmetric case.
As a case in point, let us illustrate the applicability of Eq. (6) by applying it to CMB limits (for previous WMAP7 limits, see [56] ). The current (WMAP9+Planck+ACT+SPT+BAO+HST+SN) 95% CL limit on symmetric DM energy can be simply recast as an ADM limit as
Making the additional assumption that the relic abundance is set by thermal freeze-out, we can combine Eq (8) with Eq. (5) to determine a limit on the fractional asymmetry
We plot the resulting constraint on r ∞ in Fig. 3 .
B. Annihilation Signals in ADM
Alternatively, when faced with potential signals of annihilating DM we can interpret the results as positive as information about the preferred values of σv and r ∞ . As a case in point, we shall examine the extended gamma-ray emission from the Galactic Center (GC) of the Milky Way which has been interpreted as possibly arising from DM annihilation [13, 14] .
To estimate the favored region in an ADM framework, let us fix the DM mass to the best-fit value for a given annihilation channel. Then with the use of Eq. (6) we plot in Fig. (4) the GC favored parameter space along with the thermal relic curve. Interestingly an ADM thermal relic can account for the GC excess with r ∞ ∼ 1 for annihilation into b quarks and r ∞ ∼ 0.02 for annihilation into τ leptons.
IV. DISCUSSION
In the near-term future, substantial improvements in the sensitivity to DM annihilation are expected. In addition to increased data, the dwarf gamma-ray limits will benefit from future dwarf galaxy discoveries. Data from the Sloan Digital Sky Survey have roughly doubled the number of known MW satellites despite covering only ∼ 25% of the sky [64] . New generations of deep, wide-field photometric surveys (e.g., PanSTARRS, Dark Energy Survey, and Large Synoptic Survey Telescope) will potentially significantly increase the number of dwarf galaxies that can be used for DM searches, although estimates vary [65, 66] .
It has also been argued that radio synchrotron emission from DM annihilation in dwarf satellites can provide strong limits [67] . In particular, future detection bold dotted), current Virgo cluster (blue, thin solid), and projected SKA radio (green, thin dotted) limits on the fractional asymmetry r∞ ≡ n X /nX for thermal ADM. For illustration we have fixed the annihilation channel to 100% bb. Bold lines denote robust limits, while the thin lines denote limits which are subject to larger systematic uncertainties.
prospects are especially promising for the Square Kilometre Array (SKA), which once completed will be the largest radio telescope on Earth. The resulting limits on DM annihilation are however subject to large uncertainties in the dwarf interstellar medium primarily related to their poorly known magnetic properties. In order to illustrate a rough future constraint from SKA we use the "average" benchmark model from [67] (see their Table  II) for annihilation into bb. This projected limit has subthermal relic sensitivity for DM masses in the 10 GeV -5 TeV range. Note that in more pessimistic models about dwarf gas content, magnetic fields, and diffusion properties, the projected cross section limits are roughly two orders of magnitude weaker [67] .
These limits can be compared against the present Virgo cluster [42] and future CMB limits. For the latter we adopt for illustrative purposes the cosmic variance limited sensitivity, σv /m X ≤ 1.5 × 10 −28 cm 3 s −1 GeV −1 [43] . We plot these limits together in Fig. 5 . There we observe that the CMB sensitivity can at best reach the r ∞ ∼ 4 × 10 −3 level, while the current Virgo data already supersedes this. The projected SKA limits however cut substantially into ADM parameter space, requiring r ∞ 7 × 10 −4 for DM masses in the 10 GeV -100 GeV range. We emphasize that future data limiting DM annihilation may not ever rule out a thermal relic, though it can be used quantify the degree of particle-antiparticle asymmetry required to render the thermal relic hypothesis compatible with observations. Lastly we observe that the preferred values of r ∞ and m X from the GC and thermal relic requirements can be used to determine the ADM primordial asymmetry, η X . The DM abundance in ADM can be written as
. Thus we observe that the τ -channel requires η X (0.51 − 0.43)η B , while the bchannel is consistent with η X 0.02η B .
V. CONCLUSIONS
In this paper we have considered the modelindependent consequences of indirect annihilation signals on thermal asymmetric DM. We derived constraints on thermal ADM arising from the CMB, as well as dwarf satellite, and Virgo cluster gamma-ray data from the Fermi-LAT satellite. In contrast with what one may naively assume for ADM, annihilation constraints can be strong. These are especially stringent for light DM where, for example, the CMB and dwarf satellite data require nX /n X < 0.07 for m X < 5 GeV with 100% annihilation into τ + τ − . The Virgo results imply the even more stringent requirement nX /n X < 0.001 for m X < 5, but are subject to greater uncertainties.
In addition we have determined the preferred fractional asymmetry r ∞ ≡ nX /n X from the extended source of gamma-rays from the GC. Thebb annihilation channel is in mild tension with the requirements of a thermal relic, but at > 2σ is consistent with r ∞ ∼ 0.5 − 1. In contrast, the τ + τ − annihilation channel is rendered fully consistent with thermal relic considerations for r ∞ ∼ 0.01 − 0.04. Thus in contrast with the self-annihilating case, thermal ADM is compatible with the Galactic Center annihilation rates for both bb and τ + τ − annihilation channels. We note lastly that though all DM interpretations of the Galactic Center excess have tension with Virgo cluster limits in [42] , this could be simply resolved if boost factors are closer to those estimated in [52] .
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APPENDIX
For reference we have used s 0 = 2878 cm −3 , and Ω CDM ρ c = Ω CDM h 2 1.054 × 10 4 eV cm −3 , with the best-fit Planck result Ω CDM h 2 = 0.12029 [68] .
